The ~tructure of low index surfaces of semiconductor and metal single crystals are often characterized by unit cells which are different from the bulk unit cell. Some of these ordered surface structures are stable up to the melting pain~ of the solid, others undergo transitions in well-defined temperature ranges to form different ordered surface structures .
indicate that the crystal faces re;main ordered up to the melting ., point. These results and their implications concerning the .,. understanding of the kinetics of melting are dis6ussed.
Low energy electron diffraction studies of vaporizing metal ~urfaces indicate that the crystal facies remain ordered on an atomic scale during sublimation.
INTRODUCTION
When detailed studies of the ele.ctrical properties of the bulk solid had been initiated in the nineteen thirties, the atomic structure of the solids had already been established. X-ray diffraction studie~ have revealed the crystal structures
of a large number o~monatomic and diatomic solids and therefore the developing electronic band theory has already been utilizing the crystalographic data available at this time. In early studies of the electrical properties of surfaces during the nineteen fifties, the structure of the solid surface has been an unknown parameter. Until the advent of broad application of low energy el~ctron qiffraction, (LEED), the atomic structure at the surface has not been inv~stigated experimentally. In the absence of such investigations, it has long been assumed that the surface structure is the srune as one would expect by extrapolating the bulk unit cell to the surface.
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In the last few years, there has been an exciting and revolutionary change taking place in our understanding of the structure and many oth~r physical-Chemical properties of surfaces. The number of experimental techniques VJhich are available, to study well~defined surfaces in a definitive manner~ has multiplied. First o~ all, we can study one face of a single ' crystal cleaved or cleaned by ion bombardment in a ultra high vacuum. Ultra high vacuum can be maintained during experimental times which are sufficiently long so that reproducible results
/
as to the properties of clean surfaces could be obtained. In addi.tion to low energy electron diffraction, which is today the most important experimental tool in investigationsof the structure of surfaces~ we can use the inelastically scattered portion of the electrons to carry out electron spectroscopy (Auger spectroscopy) studies to. reveal the chemical composition of the 1. surface. We can use ellipsometry to study the thermodynamic 3 properties and the build-up of absorbed atoms on the surface.
Fi.nally atomic beam scattering studies give us information. about the energy transfer between the ihcident gas molecules .
and the surface and can be used to ~tudy the lattice vibration spectrum of surface atoms.
In this paper we shall be discussing the structure and phase transformatiomwhich take place at clean single crystal surfaces, in the absence of adsorbed gases, in ultra hj_gh vacuum.
First, we shall discuss the order-order transformations v;hich manifest themselves in changes of the surface structure as studi.ed by low energy ele~tron diffraction. It is somewhat difficuJ.t, due to the lack of adequate, detaiJ.ed'experimental data, to propose a mechanism-which accounts for the appearance of these surface structures~ There are certain features shared by these structures which allow us to classify them in some manner. Pirst of all, we find that on all semiconductor surfaces, the surface structures have a well d·efined temperature range of stability. BelmJ and above these temperature ranges, the surface structure may not be stable but it is converted to another ordered surface structures. We also find that on surfaces which show 6-fold rotational (hexagonal) symmetry at least one of the surface structures gives rise to a (2 x 2) diffraction pattern, which indicates a surface unit mesh which is twice as large as that of the bulk.unit cell.
This is clearly seen from Table I . It has also been found that these surface structures and their temperature ranges of stability is very sensitive to the presence of impurities which may be present on the surface. Impurities can change the temperature
rang~ of stability of the surface structures, can eliminate them, or can catalyze the formation of other surface structures.
In spite of the sensitivity of the surface structures to impurities however, there is little doubt that these surface structures are the property of the clean semiconductor surface.
There have been several ~tudies carried out to ascertain that these surface structures are not caused by impurities but they are properties of the clean semiconductor substrate. For to platinum and gold, on antimony, bismuth and palladium surfaces as well. The observed surface structures which have been reported so far are listed in Table II Su~face Debye-Waller measurements using the diffracted low energy electron beams have revealed that the mean square displacement . . of su:rface atoms in metal surfaces is much larger i9 than that in the bulk. In these measurements the intensity of a given diffraction spot is monitored as a function of temperature at a given beam voltage. The intensities attenuated due to the vibration of surface atoms which scatter a given ~raction of the diffracted electrons out of the diffraction spot into the background. It is found experimentally and it is also predicted by theory that the_ intensity of a given diffraction spot falls exponentially as a function of temperature, with increasing temperature. The intensity of scattered electrons in the specular, ( 00) beam (neglecting multiple scattering ·events) is given by ( 1) where the exp~nential term is the Debye-Waller factor, A is the electron wavelength, ¢ is the angle of incidence with respect to the surface normal, and I Fhkl I 2 is the scattered intensity by a rigid lattice. Using the Debye model of lattice vibrations than that of the bulk melting point since the mean square displacement of surface atoms is markedly larger than their value in the bulk at th~ melting point. For this reason we have set out to study the structure of surfaces as the melting temperature
is approached, at the melting point, and above the melting point as well. In these studies V'Je have used lead, bismuth and tin singl~ crystals because these crystals hav~ lQw vapor pressure at the mel~ing point, an important condition in low energy electron diffraction studies where ultra high vacuum is necessary.
The experimental equipment used in these studies is schematically shown in Fig. 7 . The di.ffraction chamber was rotated by 90°
to enable us to support the molten surface and the diffraction pattern was viewed through a mirror as shmvn in th'e figure.
The temperature in these studies could be controlled within half a degree.
We co~ld melt a solid at the top first and then monitor the melting interf~ce as it proceeds through the crystal or we could melt the crystal so that the melting interface moves along the surface and we could watch the diffraction pattern Turnbull has found that solid Sio 2 and P 2 o 5 crystals can be superheated by as fuuch as 150 to 300°C while the molten interface .was slowly moving due to the high viscosity of the melt.
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Also, it was found that in gallium, superheating of the order 23 of 1° could be obtained. In ice similar superheating temperatures have been found. Up to 3° of superheating could be ma;intained in the bulk while the surface was kept below the melting It is apparent however that the surface plays a very important role in determining the kinetics of melting, even though melting will occur only if the temperature is high enough so that the molten face becomes thermodynamically stable.
•. THE STRUCTURE OF VAPORIZING SURFACES
In the previous melting studies ~e have investigated the surface structure of materials which have low vapor pressure at the melting point. In these studies the surfaces of lead, bismuth and tin proved to be stable and ordered.up to their respective melting points. In our vaporization experiments we have investigated the structure of solids which have large vapor pressure below their melting point. These solids will sublime at an appreciable rate before melting occurs. We have monitored the diffraction pattern due to the surface structure of silver and nickel at temperatures from 575 to 9l5°C respectively, where the vaporization rates arc appreciable and the surface atoms are continuaJ.ly,removed. The low energy electron diffraction studies revealed that the vaporizing surface is ordered on an atomic ~-
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